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ABSTRACT 

Almost all the modern machining processes involve removal of 
material from a surface to give it desireci shape and size. The 
resulting removal process creates a profile on the surface which 
is the cause of roughness of the surface . 

A rough surface scatters a collimated beam of laser light 

according to the laws of physical optics. The intensity and pattern 
of scattered light depends upon roughness height, spatial 

wavelength of roughness , wavelength of incident light and angle 
of incidence. Lasers , because of their monochromaticity , 
directionality and high power density , offer a potential tool for 
the measurement of surface roughness. Measurement of surface 

roughness using lasers come under the heading of parametric 
technique, which involves measuring a parameter that represents some 
property of surface topography averaged over the illuminated area. 

In the present work effort has been done to measure surface 
roughness of highly periodic aluminium surface by using He— Ne 

laser. The scattered light is assun^d to be a diffraction 



pattern obtained by a periodic diffraction grating of constant 
amplitude and wavelength . The resulting diffraction pattern 
consists of fine diffraction spots. The separation of diffraction 
spots depends upon spatial wavelength of roughness and intensity 
depends upon the roughness heights. 

Angular distrbution CADD of scattered light is measured for 
various angle of incidence for face turned and face milled 
aluminium specimens by an instrument designed and fabricated in 
CELT workshop. 

Angular distribution for all specimens show a No. of 
peak s . Howe ver , the experimental spacing is much higher than the 
theoretical spacing. Theref ore, it is not possible to relate peak 
spacing to spatial wavelength of roughness. 

Variation of specular intensity show that all surfaces 

tend to reflect most of the incident light specularly at near 

grazing angle of incidence. The variation of with roughness 

shows that decreases with roughness. The decrease is much 

steeper for = 85^ than for ©^=87.5^. Approximate logarithmic 

expression has been calculated which shows that I can be used for 

s 

measuring ranging from 0.3^ to 1 . 0 ^ at near grazing angle of 

incidence of 85^. 



CHAPTER 1 


INTRODUCTION AND LITERATURE SOJRVEY 

1 . 1 INTRODUCTION 

Almost all the modern machining processes involve removal of 
material from a surface to give it desired shape and size. The 
resulting material removal process creates a profile on the 
surface, the shape of profile being characterized by particular 
cutting process and cutting conditions. The generated profile may 
be considered as a form of 5-dimensional geometric irregularity 
from the intended perfectly smooth surface. The order of 
irregularity determines the amount of roughness of a surface. The 
following four orders of geometrical irregularities are recognised 
in standards (Fig. 1.1) C13. 

I- order : Arising out of inaccuracies in machine tool, 

deformation of a work under the cutting forces or the weight of 
material itself. 

II- order : Caused by vibrations of machine or workpiece. 

III- ord&r: Caused by machining itself and characteristic of the 
process . 

IV- ord&r : Arising from rupture of material during chip removal. 

1.2 DEFINITIONS OF TERMS 

The following are the definitions of terms used for the 
study of roughness of a surface. The swrfac@ of an object is the 
boundry which separates that object from another object, substance 
or space. The nominal sxa-face is the .intended surface contour 




FIG.1.1 FOUR ORDERS OF GEOMETRIC IRREGULARITIES. 
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FIG. 1,2 SURFACE CHARACTERISTICS. 



FIG. 1.3 NOMINAL AND MEASURED PROFILE. 





Cexcluding any surface roughness!) , the shape and extent of which 
IS usually shown and dimensioned on a drawing or descriptive 

specification. Surface texture is the repetitive or random 
deviations from the nominal surface which forms the three 

dimensional topography of the surface. Surface texture includes 

roughness^ waviness» lay and flaws CFig.1.23. Roughness consists 
of finer irregularities of surface texture which are inherent in 
production processes. Wauiness is the more widely spaced 

component of surface texture upon which roughness is superimposed. 
Lay is the direction of predominant surface pattern* ordinarily 
determined by the production method. Flaws are unintentional , 
unexpected and unwanted interruptions in the topography. The 
profile is the contour of the surface in a plane perpendicular to 
the surface* unless some other angle is specified. The naminal 
profile is a profile of the nominal surface. It is the intended 
profile exclusive of any roughness. The measured profile is a 
representation of the profile obtained by instrumental or other 
means CFig.l.3D. The graphical centreline or the meanline 
CFig.l.4~b!) is the line about which roughness is measured and is a 
line parallel to the general direction of profile within the 
limits of sampling lengbh L* such that the sum of areas embraced 
by the surface profile above the line are equal to sum of those 
below it. That is, 

2 CA^+A^+Ag ■+*....!) = J] C Ag+A^+Ag-*”. . . . D 
A peak is the point of maximum height on that portion of a profile 
that lies above the centreline and between two interactions of bhe 
profile with the centreline and a ualley is the point of maximum 
depth on the portion of the profile which lies below the 



centreline and between two interactions of profile with centreline 
(Fig. 1 .4-b) . 


a . 3 PARAMETERS 

Engineering surfaces are produced by a wide variety of 
processes resulting in variation of profile. A milled surface, 
for example, has a strong lay pattern, whereas, a bead blasted 
surface is isotropic (i.e. roughness measured along any direction 
is constant) and its structure is highly random. Most engineering 
surfaces, however, have a certain degree of anisotropy and 
combination of both periodic and random features. To quantify 
surface roughness a number of statistical functions and parameters 
have been developed. These characterize two basic aspects of 
topography, the height of asperties (amplitude) and longitudinal 
spacing between the asperities (spatial wavelength). For 

simplicity the definitions are expressed in terms of two 
dimensional surface profile Z(x) . However there are equivalent 
three dimensional expressions also. Assuming that profile at a 
crossection AA' (Fig. 1.4-a) be some curve defined by Z = f(x), 

then : 

ROUGHNESS AVERAGE R^ (also known as centreline average (CLA) or 
arithmatic average (AA)) represents the average deviation of 
surface profile about its centreline, defined as 

h.+h-+h.j+ + h .. L 

R = -= = ^ i J'|f(x)|dx 

3- L. t— 

O 

where x = distance along the surface 

f(x) = height of surface profile about the centreline 
L = sampling length = beam dia. of laser at sample 



RMS ROUGHNESS R (also known as o in optics and statistics) is 
q 

defined by 


R 


q 




S [f(x)3^dx> 
o 


1/2 


where R = standard deviation of profile about the meanline. R 
R R 

is always greater than or equal to R . 

a 

AMPLITUDE DENSITY FUNCTION (ADF) is the probability density 
distribution of surface heights. It is found by plotting the 
histogram (Fig. 1.5) of the profile points in vertical direction. 
If the surface is produced by truly random process, the ADF would 
be a Gaussian distribution of surface heights, given by: 


ADF(Z) 


- , (-x^/2R^^) 

(2nR e ^ 

R 


POWER SPECTRAL DENSITY (PSD) caracterises both asperity amplitude 
and spacing, is calculated by fourier decomposition of surface. 


PSD (f ) 

X 


1 ^ 

L 


L 

S f(x) 
o 


-znf X 

X _1 

e dx 


a 


AUTOCORRELATION FUNCTION (ACF) is a quantitative measure of the 
similarity between the laterally shifted and unshifted version of 
the profile. It also characterizes both wavelength and amplitude 
properties of a surface. 



f (x> 


f ( x+T ) dx 


ACF(t) 


o 



6 




(b) 
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FIG. 1.4 DEFINITION OF CENTRELINE OR MEAN LINE. 




FIG. 1.5 AMPLITUDE DENSITY FUNCTION. 


AVERAGE SLOPE and RMS SLOPE 3^^® hybrid parameters which 

combine both the amplitude and wavelength properties of surface. 

For a continuous surface profile they can be defined as 

S = i / jdf/dxjdx 
a L ' ' 

o 

1 2 1/2 
S = (f- / (df/dx> dx) 

^ o 

Typical value of R for engineering surfaces range from 0.1 /jm to 

a 

lOjum and typical wavelength range from 5 jum to 800 Surface 

H 

structures with wavelengths greater than 800 /um are classified as 

waviness. The R value produced by various processes are shown in 

a 

F 1 g . 1 . 6 . 

1.4 LITERATURE SURVEY 

Measuring surface roughness by scattering of light from 
rough surface have been studied over years and empirical relations 
derived C 2 , 5 ] . However no exact method is available which can 
cover the whole range of engineering surfaces. Stylus method 
still remains the conventional method for surface roughness 
measurement. Various techniques for the measurement of surface 
finish can be broadly classified into two groups C43 namely, 

1.4.1 Profiling techniquet In which the topographic 

information is derived from a point-by-point scan of surface 
height Z as a function of distance x along a straight line on the 
surface. The resulting profile is analysed by either analogor 
digital methods to derive roughness parameters C5]. 
Interferometry and stylus method come under this technique. 
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FIG. 1.6 SURFACE ROUGHNESS PRODUCED BY COMMON 
PRODUCTION METHODS. 




1.4.1a Stylus Method: Is the most widely used and is the oldest 
method of measuring surface profiles. It applies same principle 
as that of gramophone, where a sharp probe traverses a surface and 
transforms its minute irregularities into electrical signal. 

1.1.4b Interf erometery: Is usually used to measure roughness of 
high-quality optical surfces by studying the fringe pattern 
prduced . 


1.4.2 Parametric technique: The technique directly measures a 

parameter that represents some property of the surface topography 
averaged over the i 1 1 umi nated area. Methods like measurement of 
light reflected in specular direction, total intensity of 

scattered light, the diffuseness of the angular scattering 
pattern, the speckle contrast and the polarization, to study the 
surface topography come under this category. 

1*4. 2a Specxilar reflectance is the method in which the light 
intensity scattered in specular direction (I ) is related to R or 

S 3L 

R value of the surface [6,7,81. 

q 

1.4.2b Diffuseness of scattered light employs the ratio of 
intensities in specular direction to some off-specular direction 
and empirical relations to measure surface rougness derived for that 
particular surface only [2,91. 

1.4.2c Speckle contrast: When a rough surface is illuminated by 
partially coherent light, the reflected beam consists in part of 
random patterns of bright and dark regions known as speckle. The 


* Specular direction is the direction at an angle of reflectance 
equal to angle of incidence. 



spatial pattern and contrast of speckle depend upon optical 
system, coherence condition of illumination and surface roughness 
of the scattering surface and is used to study surface 
mi crotopography . 

1 . 4-. 2d Ellipsometery employes the measurement of change in the 
polarization of incident polarized light, which depends upon the 
composition of surface, surface structure, temperature, strain and 
surface roughness. 

1.4. 2e Angular distribution CADI: By measuring the distribution 
of scattered light in space around the scattering region various 
parameter$re lated to roughness amplitude as well as roughness 
wavelength are calculated. The kind of surface information that 
may be obtained from AD depends upon the roughness and spatial 
wavelength of rough surface [4,10,11, 12]. 

All the above methods described in parametric technique 
are still in experimental stage. Although much work has been done 
by many researchers with positive results. Table 1.1 gives the 
summary of optical techniques for surface roughness measurement as 
taken from [43. 

1.4.3 Existing theories: The relationship between scattering 
and surface topography is complicated and according to our survey 
no exact theory is available. However, full vector 
electromagnetic theories are available in two opposite extremes 
[11] namely when vertical scale of roughness is much less than the 
wavelength of incident light and secondly when roughness amplitude 



SUMMARY OF OPTICAL TECHNIQUES 
FOR SURFACE ROUGHNESS MEASUREMENT 
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D* is the drameterof the detector aperture 
* O — questfonable 



IS much greater than the wavelength of incident light. 


The 


precise condition for validity of smooth surface is given by 
[ 11 .!>] 

(k cos^e <<1 
a I 

k - propagation vector = ZFI/X 
X = 6328.193A‘^ for He-Ne Laser 
a = vertical amplitude of roughness 
0^= angle of incidence 
a « 0.02 A° for He-Ne laser 
limit the scattering spectrum is given by 

4- = 4k^cos0 cos^B X Q X w (p.q) 

I dw IS 

1 

where w(p,q> ~ pr.ri of ciirfnre rughner.s evaluated at spatial wave 
numbers p and q. 

and w <p,q) ~ i Ypj "^dx/dy Z<x,y)i ^ 

where Z<x.y) = two dimensional surface profile 

A = area of illuminated surface 

Q = factor depending upon surface material and 
and polarization of incident light 
9^= scattering angle w.r.t. 9^ 

Hence the AD is direct fourier transform of surface profile 
Z<x.y> . 

While in the case of rough surfaces the scattering comes from 
surface facets. In this case the scattering spectrum is given by 


where 


In this 



xRxp(m ,m ) 
X y 


1 

I 


dto s 


2 2 2 

<l+m + ) 

X y 

4cos0 . 

1 


where I. = input intensity 

dw = infinitesimally small solid angle into which 
light IS scatter at 

m and m are x.y components of surface slopes. 

X y 

p(m ,m > is the joint surface slope probability 
X ,y 

distribution. Henr a in this case the AD directly gives the 
probability distribution of slopes. 

In our present work however .effort is done to measure 
the surface roughenss by measuring AD of scattered laser light, 
considering the AD as diffraction pattern obtained by a periodic 
diffraction grating of constant amplitude and wavelength as is 
explained in chapter 2. Chapter 5 describes the experimental 
set-up, while in chapter 4 and chapter 5 experimental results and 
conclusion are given. The theory on which the experimental set-up 
is based is given in next chapter. 


CHAPTER 2 


THEORETICAL ANALYSIS 


A rough surface scaLLers 'the collimated beam of laser light 
into an AD CFig.2.13 according to the laws of physical optics. 
The Intensity and pattern of AD depends upon roughness heights, 
spatial wavelength, wavelength of light and angle of incidence 
with which the light interacts with the rough surface. This AD 
can be seen as the diffraction pattern obtained by a periodic 
diffraction grating of constant amplitude and wavelength. 

2*1 GENERAL SOLUTI DK CBy Peter Beckmann C6]D 

Assuming that S be a continuous rough surface in S—dimensi ons 
given by S = ZCx,y!), CFig.2. 2D and a collimated beam of He-Ne 
laser be incident on it at an angle of incidence 6 ^ w. r.t normal. 
The light is scattered in all directions according to the laws of 
physical optics. Let point of observation P be placed at an 
arbitrary position w. r.t normal then, 

CID Using cartesian coordinates Cx,y, 2 D with origin at O, and 

unit vectors x ,y ,2 . 

o •'o o 

C2D Let the rough surface be given by the function S = ZCx,yD, 
and the mean level of the surface is plane Z = O. 

C3D The incident field is E. and the scattered field is E^. E. 

1 2 1 

is assumed to be linearly polarized. Assuming to be a plane 
wave of unit amplitude. 

i jc . . r -i 6>t 
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FIG. 2.1 ANGULAR DISTRIBUTION (AD) OF LIGHT 
• SCATTERED BY A ROUGH SURFACE. 



FIG. 2.2 BASIC NOTATION 



•^here 


^ 2rT ^ i 

kj = ^ -p^ = Propagation vector 

- = radius vector = xx + xy +22 

o o o 

and in particular, for points on the surface S: 

r=xx +yy +Z(x,y)z 
o o o 

The angle of incidence, included between the direction of 

propagation of and Z axis, is denoted by ; The scattering 

angle included between Z and ic„ is denoted by Where 

o Z Z 

= k = zn/K 

and ©2 sir® measured in opposite senses from the +ve Z-axis. 

ico t 

Since we are using coherent beam of light, hence the factor e 
of Ej = Ae 1 can be suppressed. 

Now assuming origin at 0, and point of incidence at S = Z<x> be a 
one dimensional profile (since in the present work roughness 
variation along y is assumed to be negligible). 

Let P be the point of observation and let R' be the distance from 
P to a point <x,Z<x)> on the surface S. The scattered field E^ at 
P is given Helmholtz Integral (Fig.Z.?) 

Ih - Ik > 

ik.R' 

where y = ■^, (2) 

In order to deal with plane scattered waves, rather than spherical 
ones. 1 et R' -» CO i.e. removing P to the Fraunhofer zone of 
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diffraction. Then 


k,R = k-R - ic,.r 

C L O C 


(5) 


where R = distance of P from the origin, so that 

° / 


e 

V' = ^ 




iic^ -r 


(4) 


at 


E and are the field and its normal derivative on S = Z(x). And 
in the present case we shall assume the field Eg at any point of 
the surface to be field at the tagent plane on that surface. 

Within the assumption we have 


<E>g = <l+R>Ej 


(5) 


where 1 is due to ijpeident field and R is due to reflected field 
and (||)5 = <I-R) EjUj.K (6> 

n = is the normal to the surface at the considered point and R is 
the reflection coefficient of the smooth plane. 

R = f(angle of incidence, electrical properties, 
polarization) 

Eq. <6) follows from 


(H>g 

= (l-R) 

Hj and 



an 

y X E 

_ _ 
~at 

at 

V = 

-ft - 

- tan 


-1 gZ(x ) 

dx 


and 


Ik “ 


Substituting 4.5.6 and 7 in <1) we get 


<7) 


^2 " 4nR 


ie*‘"^o .A 

J(R^-|S>.^ ds 


( 8 ) 



It 



FIG. 2.3 DERIVATION OF EQUATION NO. (3) 



FIG. 2.4 LOCAL SCATTERING GEOMETRY 



J. ■? 


wht,'i t- V -- (9' 

P - ■+ ic_, (10) 

Rfc’'-,» i] viTicj «'9) and MO) into their cartesian component Sr we have 


^ -■= f sin8^4-sin^^)x^^- coa©^ *fCQs9^) 


= V X +• 'J 2 
X O Z Q 


k (sin©. ■?-eiri©^’^x +• k Rica© “CQ=©^)z 
i 4l Q 1 ^ O 


( 12 ) 


-> 

n ■ 

-X Slll^ 

+ 5 C DC /9 

(13) 


o 

o 


-> 



(14) 

r = 

XX 4 Z( 

X ) z 


o 

o 


ds = 

sec/3. dx ; 

. ^ 0Z( X ) 

tan/3 = — 37 ; — 

(15) 


For a surface extending from /v = 0 to 
can be written aa 


=2L in scalar fo'rm 

/ - 


. ikR 2L 

° f. dZCx) , , iV K + iV Z(x) , 

J ( a —ST— - 1- ) e X 2 D X (16) 


4tiR 


dx 


-'here 


a -= (t-R)sin0, + (1 + R)sine. 


b ■= (1+R)cos0^ - (l-R)cose^) 


( 17 ) 

(18) 

Tc' gel rid c>f factor iri front of integral in eq.no. (16) we 
normali 2 e the expression by introducing the scattering coefficient 


P = — 

E 


(19) 


0 


= field reflected in specular direction ( 0 ^ = 0 ^) by a smooth, 
perfectly conducting plane of the same dimensions under the same 
angle of incidence and at the same distance 



zu 


V = 0 : Z(x> = 0, 

X dx 


We find that 
E 


u ikR 
ike o 


20 rrR 


Lcos©, 


0 and from (16)&(18) 


( 20 ) 


Hence from (16) and (20) we have 

p - scattering coefficient 


2 L 

1 f-,dZ(x),.iVx+iVZ(x). /oi\ 

P = 71 H I <a— 3 — -b)ex z dx (21) 

4Lcos©^J dx 

V. 

e integral ( 21 ) easily integrated if a and b are assumed to 
be constants. One way of achieving this is to average R over the 
surface, makir„ a and b independent of x (since a and b depend 
upon R and V). Or the other is assuming Y = CONDUCTIVITY -»■ oo i,e. 
We have a perfectly conducting plane. Defining suffix (+) for 
vertical polarisation and (-) for horizontal polarisation, i.e. 
for 


VERTICAL POLARISATION R'^= +1 for in plane of incidence (22) 

HORIZONTAL " R = -1 for E^.E^ ■*” to plane of incidence (23) 

Removing the brackets of (21) and solving the intergal as product 
of two functions a — 5 — e z and e x and using the formula 


that 

where 
we get 


J f(x)e^^^^^dx 

df (x) 

dx 


e 

a 


af (x) 


f • (x)= 


P = 


4Lcos© 


J 


aV 2.L .A -► 

(b+ — n—) J e dx 


V 


la 

V 




0 


] 

n J 


( 24 ) 


Substituting (22) and (23) in (17) and (18) we have 




casD 


= ZsiinO^ 

= 2cos 

a. 

1 

a = Ssi nO. 

1 

b = 2cos 



Substituting these values in C24D we have 




?L 

1+cosce, +0„D , .A -> 

1 2 1 r IV. r , e CL5 

sece, — X J e dx + 


1 2 L 

COS0. +COS0.... 

1 2 


2L 


C26:) 


where 


p“CLD = 


i sec©, sin© 
1 

kCcos©^ +cos©g!) 


2L 

i^. r I 

' 0 


C27D 


with © = ©, 


© = ©. 


r i s gi ven expl i ci tl y as 


2n 

~ 


r = C [ sin©^ -sin0_3 X - Ceos©., +cos0^]ZCxD 


C28:> 


Now for the surface such that L >> X ,II term of C 265 can 
easily be shown to be negligible as compared to CI5 term . Hence 
C265 reduces to simple formula 



for vertical polarization 

C285 


1 +cosC © ■*■^ 2 ^ 

where F CS .6 3= (, ■ > secS^ 

1 2 


C295 




2.2 GENERAL KIRCHOFF SOLUTION OF THE FIELD SCATTERED BY A 
PERFECTLY CONDUCTING PERIODIC SURFACE 

Assuming the surface S to be rough in one dimension only i.e. 
along x. Since Z(x> is periodic of period A 

>♦ Z<x) = Z<x+A> < 1 ) 

A = wavelength of the Roughness 

The integral <26) of previous section will be periodic with period 
A i f 

V^A = 2nm (where m = 0. ± 1. ± 2 = integer) <2) 

Since by (11) of last section 



(>> 


nriA 


We may write (2) as sin^. = sin©, - -i- 

2m 1 A 

which is a well known grating equation 


Let 


2L 


^ = n+n. where n = integer 


nj= pure fraction (0 ^ n^ < 1) 

f* i V • r 

since Je ' dx is periodic with period A we may write 


(4) 


2L 

f 

J ® 


A 

njf J 
0 0 


PjA 


2L 


n^A 


TT J J ■ J 

0 0 0 


<5) 


Substituting (2) in (27) of previous chapter we have 


2nmn, 


e<L> = e<- 


( 6 ) 


Substituting (5) and <6> in (26) Section 2.1, we have for 


perfectly conducting. 1-dimensional periodic surface 




2 ^ 


P <ej.e2> 


= ± sec 0 


1 


l+cos<0j+02^ 2 

COS0 j + cos©^ ^ 


A -► c<n, > 

r iv-r. 1 

J e dx + 


n jA 


(7) 


■ A •> * 

c(nj) = F 2 < 02 , 02 )[ J* e' ■*'dx - J' d' '"^dx ] + e ( Zrrmn ^ /V^) 


0 


0 


( 8 > 


Third term of (8) is the correction term or "edge effect" which 

2L 

vanishes as n^A 0 i.e. when — ^ integral : In any case (8) is shown 

to be negligible when L >>A . Compar i ng <4) with the normal grating 

equation. If we calculate the path difference for the A&B rays 

such that they are in phase i.e. P.D. = 2 n-mCFig. 2.5) We get 

eq.no. (4). Hence correspond to the local maxima of scattered 

Zm 

light from the rough surface. Returning to equation no.<4> we see 
that total no. of possible modes is limited by condition jsin ®2m 
1< 1. The mode m = 0 is the specular mode and m = ± 1 lie on 

either side of specular mode (F i g . 2 . 6 ) until = ± n/2. (Mode = 

light scattered in the direction of maxima i.e. point at which 
constructive superposition of waves takes place) 

Now integral (7) gives the coefficient in the direction of maxima 
only. Hence If we want to find out the light scattered in (any 


other) direction other than 0 


2m 


we then return to general 


solution (26) of last section and neglecting the "edge effect” 

term we have : 

2L 

n, n^ =0. Divide 2L into n strips each extending from x = jA 


to x = (j+l> A where j = 0, (n-1) 


n 


no. of scatterers = no. of periods present. Hence 



24 



FIG. 2.5 DERIVATION OF GRATING EQUATION 


rn=-3 rDr-2 rns-l 



FIG. 2.6 DIRECTIONS OF SCATTERED MODES BY 
PERIODIC SURFACE 



2L 


1 

2L 


J 


.r 

e dx 


1_ 

nA 


n- 

E 

) = 


( j + l )A 


iV X 
e X 


iV Z(x) 
^ dx 


( 9 ) 


Since we are in fraunhofer zone, each scatterer acts in the 
same manner 

Now put V^A = 2np ( p = any no. /not necessarily an integer) 

< 10 ) 

WehaveP=^<sin©j-sin02^ (13) 

We have from (9> 


1 

2L 


2L 



0 


n 


n- 1 

E 

) = 0 


^i2np, 



( 12 ) 


Now <12> differ from (7) by the factor 


1 


W = - 

n 


n- 1 

E e 

1 = 0 

solution for perfectly conducting periodic 


iZnp] _ sin ( pn n ) 
n s ill ( p7T ) 


(13) 

n 5 j n V pn i 

] = 0 

Hence the general 

surface as seen at fraunhofer zone for any scattering angle B 




+ s ^ n ( npTT ) 
- n s i n ( prz ) 


l + cos©^+©-> .. 

sece, S-4 ^ T 

1 cos ej+cos ©2 “ 


A 

. -♦ 

r +0<n-/n> 

J dx 1 

0 

<14) 


0<nj/n> = correction term which vanishes for 2L/A = integral 


2.2.1 APPLICATION TO SPECIFIC PERIODIC PROFILES 


Now in our case the specimens are made on milling m/c giving 
high periodicity and the likely profile is to be of triangular 
nature. Hence solving (14) section 2.2 for a triangular profile 
and extending theory for more practical case. 

Assu ming a triangular (A profile) of the shown characteristics in 


figure 2.7. Where 



2h = height 


A = + A^ wa vel engt h/per i od 

Angles depending upon tool geometry 
<|)^ = 90^“ effective side cutting edge angle 
(|>2 = effective end cutting edge angle CFig.4.93 
Now cor di nates of 0 C0»0D ; A 4^CA^>2h3; B4-^ CA»0D 

Now 


ZCx!) 


OA = — x; 0< X < A^ . 
[ AB = |^^A-xD;A^< X < A^ 

i2 


and I = J” 
O 


iV x+iV ZCx:> 
ex z , 
dx 


A^ A 

^ r iV x+iV ZCxD r iV x+iV ZCx> 

of C14D=J ex ^dx 


\ .A -► w ^ iahv X 

^ r iV. r . r aV x + — *— z 

I ^ = J e dx = J e X 

O O 


1 ^ ahv - 

I — z , r iCV + -J — zl)x , 
A^ dx = J e X A^ dx 


= ( |- sin ^ = R^e^-^l C153 

1 


where C, = V + 
1 X 


<15a) 


2 . A1 ^ 

C- -2 ^ 

1 


C15b:> 


= C. 


M 
1 2 


ClScD 




Where 


I = I1+I2 = Rje ‘^1 + = Re*^ 

R^ = Rj +R 2 + ^RjR^ cos 


& 


tan fj 


RjSin fj^ + R^sin 

RjCos ^2 + R 2 COS (J^ 


<16a> 

<16b) 

(16c) 

(17) 

<17a> 

<17b) 


2.2.1a ' I CCA4SIDERATICM 

Assuming detector is at Fraunhofer Zone put (17) in (14) to 

A 

get general distribution of light amplitude at Frauhofer zone 

f 


P 





(18) 


where W 


sin(npff) 

nsin(pfi) 


F=sec0j 


l + cos(©j +©2 ^ 

cos ©j+cos ©2 


R 8c /u are given by 


(17a> and (17b) of section 2.2.1 respectively 
2.2.1b II CONSIDERATION 

Now. in practice it is not possible to put the detector in 
the Fraunhofer Zone to measure angular distribution. Hence for a 
periodic surface, the total field scattered into a certain 
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FIG. 2.7 PROFILE SPECIFICATIONS. 



FIG. 2.8 FIELD AT ANY POINT P IN FRESNEL ZONE 
IS SUM OF AMPLITUDES SCATTERED BY 
DIFFERENT WAVE PERIODS. 


direction is given by adding the contributions of each period to 
that direction (Fig. 2. 8). Now since in this kind of situation 
has a weak dependence x. Hence along the x 

hence we return to general solution (21) of last chapter and 
assuming = constant for x = )A to x = <j+l>A for i = O.(n-l) we 
have 'a' and 'b' of last section 2.1 eq. (17) & eq.(18) also 
constant -♦ 


P 


_J 

4Lcos© 



(a 


aZ(x ) 

dx 


-b) 


iV x+iV Z(x) 
ex z 


dx 


(19) 


0'= Reference point & O’P = R*" 


© 


2x 


tan 


^Rcos© 2 


+ 


tan © 2 ) 


( 20 ) 


breaking (19) for each scatterer we have 

A 2A <)+1)A nA 

'41^555 *[ X< J +....J’<>cix] ( 21 ) 

^ o A jA (n-1) A 


taking j integral we have 


(O . th = 
1 


1 


( i+i)A 


< 22 ) 


Since a.b.V and V are i.e ©_ is assumed to be constant between 
X z 2 

one wave period. Hence solving (22) 

Just like (21) of previous chapter we have 



p . th 

) ) 


= J e*V * ■'^2 


Z<x) 


dx 


<23> 


F . = sec © 


1+ cos <©,+©_ ) , 

1 }_ 

1 COS0J+ cos©^ 


(24> 


and J 


iV X + iV 2<x) 
ex z 


dx = R . e j 


since ©2 varies for each j as x varies from 
X = 0*j = 0 to X = nj = 2L 


Hence 


<n-l ) 

3=0 


(25) 


Where R. and p. are found from (17a) & <17b) by substituting 


© 2 ^ for © 2 ;where © 2 ^ is given by (20). 


2.3 OBSERVATIONS 

Now the intensity scattered by a periodic rough surface in any 
direction ©2 is given by eq. no. 18 section 2.2 as, 

p = w*F*^ e^‘“ 


where R and p are given by <17a) and (17b> of section 2.2., W by 
(13) section 2.2 and F by (29 section 2.1. Now for simplicity 
assuming that the point P of observation is placed in specular 
direction i.e. in that case ©^ = ©2 then observing the variations 
in specular intensity. 

Now for ® J " ^ ^ ^ 


k (sin ©j-sin©2> 


0 


( 2 ) 



and P = ^ <sin ©j-sin 02 > 


0 


(>> 

Hence W = F = 1 and putting (l)&(2)in (15a.b,c> and (16a. b.c) 
of section 2.2.1, we get 



and F'l = 1^2 = 

Hence = (R +R =*sinc^(V h) <4) 

12 z 

where = 2kcos 9 ^ = 2 kcos 02 

Hence intensity variation in specular direction is given by (4) i.e. 

I = Sinc^<V h> (5) 

' s z 

2.3.1 Variation of 9 ^ * angle of incidence 

Now Re-writing (4) 

2 

I = sine (2khcos©, ) = f <0, > (6> 

s 11 


Now as ©j goes on increasing the value goes through a periodic 
function and at near grazing angle of incidence 
©j -c 90° 

I 1 (7) 

s 

Eq. (7) is a standard result i.e. at near grazing angle of 
incidence even the rough surfaces reflect specularly . Hence (7) 
justifies our theory also. The variation of is ploted 

theoretically for two surfaces having different values of h or in 
other words, different values of Ra (Fig. 2.9>. 


. 

S 1 ncx 


S i n 

X 


X 


Phenomenon of Road glare 






SPECULAR INTENSITY FROM A FINE GRATIN 


A look at the graphs show that for a smooth surface the light 
reflected in specular direction increases smoothly with increasing 
angle of incidence, while for a comparatively rough surface the 
variation is rather abrupt. 

A look at eq. (4) shows that the light reflected i n specular 
d 1 r e c 1 1 on i s i ndependent of the spatial wave 1 engt h of the 
I oughne s s . Hence it can be utilised as a strong tool to measure 
the Ra value of rough surfaces 

2.3.2 Variation of h : Now if we keep 9 ^ constant and try to 

see the effect on by the variation of h i.e.. The roughness 

amplitude, we have 

I = s 1 nc^ < V h ) ( 8 ) 

s 2 

Hence as h ^ 0 i.e. approaching a perfectly smooth surface 

Ig -»• 1 (9) 

Hence a perfectly smooth surface reflects all the incident light 
in specular direction which is logically true also. Hence Eq. <9) 
confirms that the theory is correct. Fig. <2. 10) show the 
variation of specular intensity vs roughness amplitude for two 
angles of incidence. Figure shows that light scattered in specular- 
direction goes on decreasing with increase in roughness of the 
surface. 

2.3.3 Theoretical Angtilar distribution CADD According to 
eq.<4) section 2.2.1 the scattering pattern consists of finite 
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FIG. 2.10. VARIATION OF SPECUU\R INTENSITY 

. WITH ROUGHNESS HEIGHT (h) 



A 

r = - 


diffraction spots at discrete angles, when the scattering pattern 
IS obtained by perfectly conducting periodic surface and the no. 
of diffraction spots depend upon the ratio ; 

( 10 ) 

That is larger this ratio more the no. of scattered modes. 
The no. is given by 

N = 2r+l <11) 

And the intensity propagated in each mode is given by (25) section 

2.2.1b and the angle at which a particular mode is propagated or a 

diffraction spot is obtained is given by 

0- = sin ^ (sin 6 . - > (12) 

2m 1 A 

m = +ve or -ve integer 
m = 0 for specular mode 

where max. and min. value of m is obtained by putting sin( 02 fp^ + 

1 and -1 respectively 

For example, for a surface having ratio r = 11.58 the total no. 
of scattered modes is 

(2r+l) = 24.176 

Since the fractional part has no significance hence 
N = 24 

Fig (2.11) shows the theoretical scattering pattern by a 
triangular surface. 

But according to Cll] each surface is a superposition of both 
random as well as periodic roughness. Hence the presence of 


11.58 corresponds to f = 22mm/min and R.P.M. 


3000 on milling n 
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random one - dimensional component the total intensity falls off 
as the second power of scattering angle away from the specular 
direction. Hence the likely AD pattern to be obtained is shown in 
figure 2.12. 

2. 3. 4 Separation of modes : 

Figure 2.13 shows the angular difference between two adjacent 
modes for different values of spatial wave length A. The symmetry 
of the plots show that the modes are symmetrically placed 

and the angular seperation is constant for in between modes. 
Hence by measur i ng their angular di f f erence i t may be poss i bl e to 
predict the spat ial wave 1 ength of the surface roughness . Table 
(2.1) gives the theoretical separation between modes for different 
values of spatial wavelength. 

2.4 Conclusions : 

By variation of different parameters the following 

conclusions come forward 

(a> Light reflected in specular direction goes on decreasing 
with increase in surface roughness. 

(b> At near grazing angle of incidence all the surfaces 
tend to reflect specularly. 

c) larger spatial wavelength components diffract light into 
smaller angles while smaller spatial wavelength components 
diffract light into larger angles 

And a final conclusion that the roughness is a relative term when 
compared with wavelength of incident light. Which is evident if 


we re-write <31) as 







TABLE 2.1 


MODE SPECIFICATIONS 


Specimen 

No. 

Ratio 

A/X 

Theor etical 
Separation of 
modes C deg . 

Theoretical 

No . of modes 

Aver age 
Expt . 
spacing 

FA-1 

2522 

0. 022° 

5045 

2. 2° 

FA-2 

1008. 1 

0. 056° 

2017 

2. 3° 

FA-3 

314 

0. 18° 

629 

2. 67° 

FA-4 

77. 43 

0. 74° 

155 

2. 926° 

MA-1 

17. 31 

3. 3° 

35 


MA-2 

34. 63 

1.6° 

70 


MA-3 

107. 62 

0. 53° 

216 


MA-4 

68. 19 

0. 84° 

137 


MA-5 

71. 82 

0- 79° 

144 

3. 15° 

MA-6 

27. 05 

2. 1° 

55 


MA-7 

11.17 

5.1° 

23 


MA-8 

17. 464 

3. 28° 

35 


MA-9 

27. 33 

2. 09° 

55 


MA-10 

17. 31 

3. 3° 

35 


MA-11 

11. 17 

5. 1° 

23 



2 , h, 

sine 


I = sinc^<2*-^*cos©,*h) = 

S A. 1 

where c = 4 ncos©j = constant 


- ^<x> 


Keeping h constant and varying X we see that for Xj> X^ 

IS] > Is^ 

which shows light with larger wavelength sees a surface as a 
smooth one which on the other hand may be rough for light with 
smaller wavelength. For example the Tadio waves are simply 
reflected specularly by clouds, trees, houses etc. while the 
sunlight is totally scattered or diffused. 


2.5 ASSUMPTI<»IS 

The assumption used while deriving (28) section 2.1 and (7) 
section 2.8 are s 

(A) The surface is perfectly conducting and quantities a and 
b in (17), (18) section 2.1 are constant. 

<B> Mutual interaction of irregularities (shadowing or 
multiple scattering) may be neglected 

(C) The incident plane wave is linearly polarized 

(D) The point of observation is sufficiently far removed from 
the surface to regard the scattered waves as plane waves. 

(E) Field at any point on the surface is expressed as sum of 

the incident and reflected field where R is the 

reflection coefficient of the plane tangent at the 
considered point C^5), section 2.1) 

Assumption (E) implies that the surface undulations should be 
smooth and there should be no sharp corners. Hence in the present 
case of a triangular profile the theory is not applicable to the 
points 0,A and B. Fig. 2. 7 



CHAPTER 3 


EXPERIMENTAL SET-UP AND PROCEDURE 

In the present work effort is done to relate the AD of 
scattered light to surface microtopography. To perform the 
experiment few things such as a laser, photo-detector, a rough 
surface, multimeter and a AD measuring instrument are necessary. 
Due to non-ava i 1 ab i 1 1 ty of any instrument for measuring AD a new 
one had to be designed and fabricated. Measurement of AD requires 
that the rough surface specimen be kept fixed' w.r.t laser while 
the detector rorates about the point of incidence on the 
rough-surface specimen. Since AD depends upon the angle of 
incidence also, a provision for change of angle of incidence is 
also necessary. To achieve the above two motions following 
requirements came forward and their solutions were found, which 
crystallised into the instrument shown in Fig.5.1. 

Some of the salient features of the instrument are (Fig.3.1>: 

a. Three rotational and one translational motion along Z-axis 
for the detector 

b. One translational motion along Y-axis for the whole system 

c. Two translational motion along Z and Y-axis and one 

rotational motion about Z-axis for the specimen 

d. Minimum rotational motion possible for the detector with hand 
is 0.1 degrees 

e. An unconventional method of measuring AD. in which detector 
is kept fixed while the specimen rotates 
possible with this system. 


cm. 


is also 




Flo. 3.1 SCATTERED INTENSITY MEASURING INSTRUMENT. 
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(b) 



(0 


FIG. 3.1 (CONTD.) 




3.1 EXPERIMENTAL SET--UP 


Following steps are taken before setting up the 
exper i ment : 

3.1.1 SBl&ction of lasBr : Scattering of light from a rough 

surface depends upon the angle of incidence and wavelength of 
light source. Furthermore light is scattered in all directions, 
hence an intense source of light is desirable so that light 
scattered in a particular direction is of measurable amount. 
Lasei IS a source of highly monochr oma t i c and intense beam cjf 
light. Combined with its d i rect i ona 1 i ty , it is the ideal light 
source for the experiment. A 5mW "Me 1 1 es-Gr i ot * He-^Ne laser 
polarised in the plane of incidence, X - 6328.193 , is used in 

the experiment <Fig.3.1“C). Since He~Ne lasers are corrmer c i a 1 1 y 
available and their wavelength lies in the visible range. hence 
their applicability in the preserit work. 

3.1.2 S&l&ction of pho> to-do I bc tor : C308C9 P-i-f\| 

phototransistor (Fig. 3. 4) sensitive to He-Ne laser wavelength with 
the specifications given in Table 3.1 is used for experimentation. 
Responsivity of detector is calibrated exper mental ly <Fig.3.2>. 
The detector housing is designed (Fig. 3. 3) i ncorporat i ng an 
amplifier circuit (Fig. 3. 3). Care is taken that the detector 
output does not exceed the saturation voltage of 47.3V while 
performing an experiment. Assuming that intensity falling on the 
detector is constant over its entire sensitive area for any 
scattering direction w.r.t. 6^ the output of detector is 

proportional to the intensity of scattered light. The solid angle 
substended by detector on the rough surface needs to be small so 
as to allow minimum diffused light and large enough so as to 
receive all the light scattered in a particular 


d i rect i on 



Table 3.1 


PHOTODIODE SPECIFICATIONS 


Photosen- 

sitive 

surface 

Area DTa 


Typical 
spectral 
response 
range 1 8% 
point 


Maximum Ratings 

Photocurrent Forward 


D.C. Photocurri 

Reverse density I. 

voltatge 

V Av - Peal 

P^ r»r' 1 1_ 1 . 


Field of 
vi ew 
< degree) 


current I, 


Av - Peak 
DC Valve 
Valve 

2 2 
mA/mm mA/rnm 


Av . Peak 
DC Valve 
Valve 


400 

to 

1100 


100 72 



PERCENTAGE OF TOTAL POWER 

FIG 3.2 PHOTODIODE RESPONSIVITY CURVE 



-O OUTPUT SIGNAL 





= lOSKfl 



FIG. 3.3 AMPLIFIER CIRCUIT 
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.89 { 035 ) \ 

.71 ( 0281 


I 
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OiA 

i 
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AND CASE 
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Dimensions in fnillimeters. Dimensions in p.r.n.heses are m inches 

FIG. 3.4 C 30808 PHOTOTRAN51STOR. 



FIG. 3.5 X-SECTION OF DETECTOR HOUSING. 



( F 1 g . > . 6 ) . 


48 


P' = Point of incidence on specimen 
DD' = detector sensitive area = 2.5mm dia 
RR = distance of detector from specimen = 250mm 

2 

solid angle substended & = 0,0001 steridians 

2(RR')^ 4*52900 


Total surface VV' viewed by detector <Fig.5-7> 


2fR . 5.5 X 250 
X ■ 10.54 


117.8 mm > laser spot size on the surface 


3.1.3 Det&ctor motion: Intensity is the rate of flow of energy 
per unit area and in case of scattering the intensity in <a 
particular direction goes on decreasing with distance, because the 
scattered light expands in space. Hence the detector is required 
to move in a radius about the point of incidence, so as to measure 
intensity at the same distance from the point of incidence. Hence 
detector is mounted at the end of a rotating arm whose axis of 
rotation coincides with the axis of rotation of rotating table on 
which rough surface specimen is mounted. 


3.1.4 Point of incidence: Angular distribution of scattered 
light can change with the point of incidence on the rough surface 
specimen. Hence the point of incidence on the rough surface 
specimen should coincide with the centre of rotation of rotating 
table on which the specimen is placed (Fig. 5. IK Else the point 

the incidence angle is changed. 


of incidence changes as 


This IS 



Hy 



FIG. 3.6 SOLID ANGLE SUBSTENDED BY DETECTOR. 



FIG. 3.7 SURFACE VIEWED BY DETECTOR. 



ilso shown geometrically for two possible cases, namely, when 
3 oint of incidence does not coincide with centre of rotation of 
,pecimen, centre of rotation of specimen coincides with centre of 
•otation of rotating table CFig.3.8— bD. Then point of incidence 

:hanges by 


cosCe. -oO-cos©. 

6 = AC-AB=x i L 

cosC S . — oO 
1 

md secondly, when, centre of rotation 
roincide with centre of rotation of rotati 

tan a. cosCa-^.D 

Change = AB = r 

cos 


of speci men does 

ng table CFig 3. 8-cD 

- Csec a - l?sin B. 

1 

ca - e,y 
1 


not 


r = radius eccentricity 
= angle of incidence 
a = change in angle of incidence 

The motion of both specimen and detector is achieved by worm and 
/arm wheel arrangement designed by Lewis equation and are 
fabricated outside Kanpur. 

LI* 5 Need for vortical motion CFig. 3. ID: It is observed that 

'or highly periodic surface the light is scattered perpendicular 
-o the direction of lay at the point of incidence. Since the 
letector rotates in horizontal plane only. Hence need of vertical 
lotion along Z-axis for the specimen is required so as to make 
scattered pattern horizontal CFig. 3. 12-a!) by changing the point of 
ncidence. Also a horizontal motion along Y-axis is incorporated 
;o as to make scanning of whole rough surface possible by 
■ombi nation of motion along Y and Z-axis. Detector vertical 
lotion is also desired so that the detector properly accepts the 
:cattered intensity pattern. 


f In the present work the lay of the rough surface specimens CrssD 
las a circular curvature. 




(a) POINT OF INCIDENCE = POINT OF ROTATION 

AV = SPECIMEN SURFACE 



(b) POINT OF INCIDENCE POINT OF ROTATION 



(c) POINT OF ROTATION NOT ON SPECIMEN SURFACE 


FIG 3 8 EFFECT ON POSITION OF POINT OF INCIDENCE 
WITH CHANGE IN ANGLE OF INCIDENCE BY 
ROTATING THE SPECIMEN. 










scattered intensity pattern. 

3.1.6 Mirror- mounts: The detector should be perpendicular to 
the surface of the specimen at the point of incidence. Hence the 
detector housing is mounted on mirror mount and initial adjustment 
IS done by replacing the specimen by mirror mounted on mirror 
mount. Such that the the front surface of mirror coincides with 
axis of rotation of rotating table <Fig.3.9-a). First of all the 
mirror is made perpendicular to the laser with the help of 
micrometet adjusting screws. Then the rotating table is rotated 
by an angle equal to the angle of incidence. Then the detector 
is brought in the path of the laser beam reflected from the mirror 
surface, such that the beam hit the detector sensitive area 
through the apprture. The detector now is fixed in specular 
direction. Then a mirror is plugged into the detector aperture 
and the detector is adjusted till the reflected ray retraces its 
path (Fig.3.9-b) the rotating arm scale is then adjusted to zero 
and mirror is taken out of the detector aperture. And the mirror 
placed on the rotating table is replaced by a rough surface 
spec 1 men . 

3.1.7 Shape of rou^h surface specimensCrss) : Rectangular 

aluminium test specimens of 30mm 30mm x 10mm are made and one of 
their flat surface is machined giving 30mm x 30mm of rough 
surface. Specimen are made on both milling and lathe machine with 
different cutting conditions so as to have surfaces with different 
roughness. On the whole fifteen specimens are made to the 
specifications given in table 3.2. Due to the shape of the tools 
used both for milling 



Table 3.2 

SPECIFICATION OF SPECIMENS 
Ca) FACE TURNING 




imen Feed 


Depth of 

R C Measured 

mm/Rev 

R. P. M 

Cut CmmD 

a 

val ueD 




micronsCjuD 

1 . 596 

421 

0 . 2 

15 . 6 

: 0. 638 

421 

0 . 2 

3 . 8 

t 0.199 

646 

0 . 2 

1.0 

0 . 049 

421 

0 . 1 

0 . 8 


Cb) FACE MILLING 


:imen Feed 

Cutting 

Depth of 

R 

Nose 

Effect! ve 

3 . C mm/r e vD 

speed 

Cnv/minD 

cut CmnO 

a 

radi us 
CmnD 

tool angl es 
CDeg. D 


End Si de 

CutCi ng CuL-Li ng 

Edge Edge 



0 . 01 

504 . 5 

0 . 2 

1.5 

0 . 25 

1 

CO 

0 

0 ° 

2 

0 . 02 

504 . 5 

0 . 1 

1.4 

0 . 25 

18 ° 

o° 

3 

0 . 06 

319 . 6 

0 . 1 

1.5 

0 . 25 

18 ° 

0 ° 

1 

0 . 043 

504 . 5 

0.2 

1.6 

0 . 25 

18 ° 

0 ° 

3 

0 . 045 

190 

0 . 2 

0.9 

1.25 

22 ° 

21 . 25 ° 

3 

0 . 017 

504 . 5 

0 . 2 

0 . 3 

1.25 

22 ° 

21 . 25 ° 

7 

0 . 007 

781.7 

0 . 2 

0.3 

1.25 

22 ° 

21 . 25 ° 

B 

0 . 011 

781. 7 

0 . 15 

0 . 4 

1.25 

22 ° 

21 . 25 ° 

9 

0 . 017 

319 . 65 - 

0. 1 

0.7 

1.25 

2 ° 

34 ° 

10 

0 . 01 

504 . 5 

0 . 2 

0 . 4 

1.25 

2 ° 

34 ° 

11 

0 . 007 

781.7 

0. 1 

0.3 

1.25 

2 ° 

34 ° 


Flytool is inclined at 39° with the vertical. 







AXIS OF ROTATION 



(O) 


SPECULAR DIRECTION 



FIG. 3.9 ALLIGNMENT OF DETECTOR AND LASER. 
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CONCENTRATED LOAD AT 
the end of CANTILEVER 
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(All dimensions ore in mm) 


FIG. 3.10 DETECTOR ARM. 


and facing <Fig.4.9-a), 


that the 


it IS justified to assume 
undulatioris on the surface are triangular. Figure 4.8 shows the 
actual profile measured by Talysurf-10 roughness measuring 
instrument for some of the specimens. 

^ ® Distance of the detector from, thie specimen-. A compromise 

between the two requirements, that is, one: the point of 
observation should be in Fraunhofer zone and, second; that the 
detector should move in a radius about the point of incidence, 
needs to be made. Since the detector is mounted at the end of 
rotating arm which can be assumed as an cantilever having 
concentrated load at the end (Fig. 3. 10). Hence there is a 
limitation to the length nf the detector arm. The calculated 
may 1 mum length in our present case comes out to be 2.30rr)n:i. 


3. 2 PROCEDURE 


Figure 3.1-c and Fig. 3. 11 shows the schematic diagram of 


the experimental set- 

up. The 

prepared 

a 1 umi n i urn 

spec 1 mens 

are 

procured from the workshop and 

preserved 

in polythen-e bags 


The 

laser is inclined at 

to the 

Y-axis and is at 

a distance 

of 

350mm from the rough 

surface specimen. 

The spot 

Size 

on 

the 

specimen is about 1 

. 8mm 1 n 

diameter . 

Before 

start 

of 

the 

experiment, lights 

are swi tched off 

and the 

e X p e r i cu 

eni 

1 s 


performed in dark. 

3.2.1 Angular distribution CADS> measurement After the initial 
adjustment as explained in article 3.1.6. the specimen is moved 
till the diffraction pattern is horizontal (Fig.3-12-a) and passes 



through the detector aperture. Readings are then taken at a 1/2^ 

interval both in clockwise and anticlockwise direction about the 

specular beam. Measured values are marked +ve which are taken 

away from the laser or in clockwise direction about the specular 

beam for the present configuration and -ve for those readings 

taken in anticlockwise direction, i.e. towards the laser as shown 

in figure 3.11. Then these measured values of voltage are 

plotted against Where B is the scattering angle w.r.t 

si s 

normal. AD is measured at different angles of incidence and 

for different specimens. 

3.2.2 Measiirement of sp&cxtlar int&nsity: This involves 

changing the angle of incidence by rotating the specimen. The 
detector has to move twice the angle moved by specimen, to remain 
in specular direction. The initial adjustment is done by rotating 
the detector such that it directly faces the laser beam. Then the 
specimen is inserted in between and aligned at 90° to the laser 
beam. Readings are taken at 1° interval and measured values of 
voltage are plotted against the angle of incidence. 




fig.3.11 schematic diagram of experimental set up 






(Q) 0i = 45° 


(b) 0; = 87° 

.3.12 DIFFRACTION PATTERN AT DIFFERENT 
nc iMriDENCE- 


CHAPTER 4 


EXPERIMENTAL RESULTS AND DISCUSSION 


Angular distribution (AD) and specular intensity 
measured for incident angles of 0 to 90° by using He-Ne laser beam 
on specimens of aluminium machined by face turning and milling. 
The details of specimens and machining conditions are given in 
Table 3.2. 

4.1 ANGULAR DISTRIBUTION 

For AD measurement, the readings are taken at an 
interval of 1/2° by rotating the detector while the specimen is 
kept fixed. Figures 4.1 to 4.4 are plots of AD obtained for face 
turned aluminium specimens FA-1 to FA-4 at various angles of 
incidence ranging from 0 to 75°. Figures 4.5 and 4.6 are plots of 
AD obtained for face milled aluminium specimens. MA-5 and MA-6 at 
various angles of incidence ranging from 0 to 87°. Table 2.1 
gives the expected theoretical spacing between the modes for 
various specimens and calculated average spacing between the peaks 
(modes) for various plots, is also given in Table 2.1 
4.2 SPECULAR INTENSITY 


For specular intensity (1^). the readings are taken by 
changing the angle of incidence by rotating the specimen at an 
interval of one degree as explained in article 3-2.2. Figures 
4.7-a to 4.7-f are the plots of experimental and theoretical 
variation of w.r.t angle of incidence for face milled specimens 

MA-5toMA-10. The variation of angle of incidence is from 0 to 



INTTENSITY 


0.60 


0.90 


60 



AD MEASUREMENT FOR VARIOUS ANGLES 
OF INCIDENCE FOR SPECIMEN NO. FA-1 


FIG. 4.1 


50° 


(d) Si = 75 


AD MEASUREMENT FOR VARIOUS ANGLES 
OF INCIDENCE FOR SPECIMEN NO. FA-2 
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INTENSITY 
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ANGLE 


(b) Q] = 35 


5 25 35 


ANGLE 


(c) Si =45^ 


(d) 01=50 


AD MEASUREMENT FOR 

iMrinFKirF FOR SPECIMEN NO. FA-4 
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(e) 91 = 60° 



FIG. 4.4 (contd.) 


)l = 45 ” 


(c) 6j = 86° 


AD MEASUREMENT FOR VARIOUS AN 
INCIDENCE FOR SPECIMEN NO. MA 








68 




EXPERIMENTAL 

THEORETICAL 




FIG. 4.7 VARIATION OF SPECULAR INTENSITY WITH INCIDENCE 
ANGLE. 
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4.3 ROUGHNESS PROFILE 

Roughness records are taken by 'Talysurf-10 Roughness 
Measuring Instrument’. These records are shown for specimens FA-2 
and MA-2 in Figure A. 8. 

4. 4 DISCUSSION 

4.4.1 Angular distribution: All the AD plots show a No. of 

peaks. The peaks for specimen FA-1 (with higher R = 15.6^), are 
very prominent, specially for G. = 25° and 50° (Figure 4.1) as 
compared to the peaks for specimen FA-5 for lower R = 1 . 0 /j 
(F igure 4.5) and specimen FA-4, R = 0 . (Figure 4.4). For 

milling specimen MA-5, R = peaks are distinctly seen for 

3 . 

lower value of angle of incidence. However peaks come closer to 
the specular direction for specimen MA-6. R = 0 . 5^l (Figure 4.6). 

3 

Theoretical separation of these peaks are given in Table 
2.1. The average spacing of the experimental AD measurements for 
some of the specimens is also given. Experimental values are much 
higher than the theoretical spacing of peaks. This may be due to 
the fact that the surface profile (Figure 2.7) may not be 
atriangular surface with smooth reflecting surface as assumed in 
the theory. Furthermore due to the corner radius of the order of 
0.25mm to 1.25mm, the surface profile is expected to be circular 
with mi cro- i rregular i t i es as shown in Figure 4.9, specially at low 
feeds and depth of cut used in the experiment. Therefore it is 
not possible to relate the peak spacing from AD plots to spatial 
wavelength and roughness of surface. 

4.4.3 Specular Intensity. Plots of variation of specular 

intensity with angle of incidence for different specimens show 
that all surfaces tend to reflect most of the incident light 
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(b) SPECIMEN NO. FA-2 


RORIZOTAL MAGNIFICATiON=2'0 , 

VERTICAL MAGNIF1CATION = 1000 

FIG. 4.8 .SURFACE PROFILE BY TALYSURF-10 

ROUGNES5 MEASURING INSTRUMENT 
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specularly at near grazing angles of incidence. Small amount of 
light is reflected in specular direction at less than 80^ angle of 
incidence. Table 4.1 gives the theoretical and approximate 
experimental angle of incidence iO ) for wh i ch the specular 
intensity begins to rise for different value of roughness. The 
lower- theoret 1 cal values of 0.^ for specimen no. MA-9 and MA-10, 
Figure 4.7-e and 4.7-f are probably due to the fact that surfaces 
are much smoother theoretically, with theoretical R = 0.14^i and 

3 . 

O.OS/J respectively. Experimental and theoretical I variation for 

5 

specimen MA-5 to MA-8 show a reasonable agreement. Further more 

for specimen MA-9 and MA-10 the theoretical curves, assuming 

traingular profile are away from the experimental curves. It is 

expected that for circular profile the theoretical curve is likely 

to move towards right due to the fact that the variation of 

with 0. follows a Bessel function (Figure 4.10). 

The variation of with roughness is shown in Figure 

4.11 for 6. = 85° and 9. = 87,5°. It is seen that the specular 
1 1 

intensity decreases with roughness in both the cases. The 

decrease is much steeper for ©. = 85°, furthermore there is a 

large scatter of datafor 0. = 87.5°. The intensity decreases 

exponentially for 0. = 85°. The relation given in figure 4.11 can 

be used to relate I for measuring R ranging from 0.5 to 1.0 ^m, 

s a 

as the intensity does not vary appreciably beyond 1.0 /um which is 
the order of wavelength of He-Ne laser. 

The ratio R, of intensity in the specular direction I 

1 y S 

to the intensity in the direction 15 degrees off-specular 1^^ is 

plotted against roughness for various values of ©.(Z5°. 50°. 75°) 

in figure 4.12. In general, R, _ show a steep fall upto R = 

IP 3 . 


4 ^jm 




(b) CIRCULAR PROFILE WITH MICRO IRREGULARITIES 


FIG. 4.9 PROFILE DUE TO FINITE TOOL RADIUS. 
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TABLE 4.1 

ANGLE OF RISE Cd. ) 

ir 


Specimen 

Theoretical 

Angle of Rise 

No. 

Roughness 

Q j j 

(Degrees) 



Theoretical Experimental 

MA-5 

5.97 

o 

0 

Q 

CO 

MA-6 

1.49 

89° 

CO 

o 

o 

MA-7 

0.617 

89° 

0 

o 

CO 

MA-8 

0.96 

89° 

0 

o 

CD 

MA-9 

0.144 

0 

o 

O 

O 

00 

MA-10 

0.08 

o 

o 

00 

o 

o 
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FIG. 4.11 -a 


VARIATION OF SPECULAR INTENSITY 
WITH ROUGHNESS Ra: 01=85'' 
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O 



VARIATION OF SPECULAR 'NTENSIT^^ 
WITH ROUGHNESS Ro;0i=87.5 


FIG. 4.11-b 



’8 


O 



ROUGHNESS Ra(Microns) 


FIG. 4.12. 


VARIATION OF INTENSITY RATIO 
Is /1 15 WITH ROUGHNESS Ro 
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and there is a little change beyond this value. Certain research 

workers [9,11] have also the use of and for measurement of 

>0 40 

roughness R less than X. However due to limited exprimental 
a 

results it is not possible to relate with roughenss in the 

present case. 
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CHAPTER 5 

CONCLUSIONS 

All the AD plots show a No. of peaks, which are very 
prominent for higher value of roughpess. However. the average 
experimental spacing are much higher than the theoretical spacing 
of peaks. Therefore it is not possible to relate the peak spacing 
from AD plots to the spatial wavelength of surface. 

Variation of specular intensity with angle of incidence 
show that all surfaces tend to reflect most of the incident light 
specularly at near grazing angles of incidence. Experimental and 
theoretical variation show a reasonable agreement. 

The variation of with roughness show that specular 

intensity decreases with roughness. The decrease is much steeper 
for 6 ^ = 85° than for = 87.5°. The re lat i on given i n f i gure 
1J_ can be used to relate I for measuring R_ ranging from 
to 1 . 0/ ^ at near graz i ng ang I e of incidence of 8? ^ . 

The possibility of relationship between (ratio of 

intensity reflected in specular direction to intensity reflected 
in an 15^ off-specular direction) and roughness cannot be found 
from limited experimental results. 

SUC^GESTIONS FOR FURTHER WORK 

In the present work, experiments are done with aluminium 
surface with periodic irregularities. This can be extended to 
other materials also. Another extension of the work can be the 
study of random rough surfaces using He-Ne laser. Furthermore the 



scattered intensity measuring instrument can be mechanised by 
attaching a stepper motor to it. The detector itself can be 
mounted on an assembly to enable it to rotate about Y-axis for the 
study of scattered intensity in three dimensions. 



APPENDIX 


82 


(A) 


Where 


BESSEL FUNCTION 


3 (x> 
m 


a> 


= E 

6 = 0 


(-1 

6 ! (m+6 > ! 




OD 

<m+B)! = r<m+s+l) = J e~^ dt 

0 


<B) SINC FUNCTION 

r. ■ , V sin(x) 

Sinc(x) = 

X 

(C> PROGRAMME TO CALCULATE Jq<x). sinc<x> and eq. No. <25> 
SECTION 2.2.1b 


c 

c Thi* programir.e is for SPECULAR direction only ! 

c ProgramiTie wrin by Rajnish Kashyap under the supervision of 

c Dr . C . S . Ka i nt h ( pr of . Hech.) t Or . K . K . Sharna ( Head CELT ) IIT.kanpur 

c 

c 

c 

implicit double precision (a“h,o-r) 
open( unit=£2 , f i le* 'bessel ' ) 
epen(unit*23, file* 'sine' ) 
x*-1 0 . 0 

do 999 l(k*0,EOO 
c 

c bessel function calculation 

c 

rhob=1 

do 10 i*l , 1 00 
pr od 1 = 1 
do £0 j= 1 , i 
d=f 1 oat ( j ) 
b=(x/£. 0)/d 
prodl »predl •b 

£0 continue 

prodb*prod1*(-1 )e*i*prod1 
rhob*rhob+prooD 

10 continue 

db=rhob’»*£ 

c 

c sine function calculation 

c . 

prods* ( ds i n ( X ) )/x 
dbs=prodE * *£ 
write(£3, 1 1 ) % , dbs 
write{££.. 1 1 ) x , db 
x = x+ . 1 

11 foririBt ( 1 X , f B . 3 , Ax , f 8 . 5 ) 

999 continue 

St op 
end 



c__ 

c Thi» progr*)nm» ciilcul*t»s th# th«or»tic*l int*n»ity distribution 

c dus to Bcsttsring by s triangular wavs. This programme is written 

c by RAJNISH KA5HYAP 6611606 M. Tech. LASER Technology IIT.K 

c 


implicit double precision (a-h,e-z) 
common t1 ,rkh,sk,ratio,rl1,rl2,rl.,r21, nen 
dimenfion t 22 ( 1 0 , 200 ) , r i ( 1 0 , 200 ) 
open(unit*81 , file* 'new. out ' ) 
open(unit«22, f i le« ' cash . dat 1 ' ) 

c hene*wavelength of he ne laser 

c sk » propagation vector -2pi/lambda 

r-£00 0 

c ... r*distance of detector from the specimen 


r e w 1 n 0 £' c 
«=3 1415925/180.0 
hene=63Ee . 1 93e-07 
sk*£. 0»3. 14159£5/hene 
do 67 J*1 , 7 

c 2h= height of the triangular wave 

r£l=1 .8 

read{£c,‘»-,end»90)feed,rpm,phil1,phi£2,t 

wr 1 1 e { £1 , 1 0 ) f eed, rpm , phi 1 1 , phi2£, t 

phi 1 aphx 11*3 

phi2=phi22>*-a 

r l=f eed/rpm 

rat io=ri/hen6 

h*(rl/E.0)/C(l/dtan(phil))+(1/dtanCphi2))) 

rl1=c Of h/dtan{ phi 1 ) 

rl£=rl-rl1 

rkh = sMn 

t 1 =t ♦s 

n6n = r£l/(rl»dcos(tl )) 
rEl=rl»ricat (neh) 

prints, 'No. of Tr langl es* ' , nen, ’ Base of beam*',rSl 


c 1.8=diaofthe laser beam 

c at the base at the point of Incidence 

c . . . . .... loop . .... 


f£1=t-4E 0 
tt=t+^5 0 
i r i 1 1 . Qt ?0 ) then 

mt = itS0 0-t)»2.0)+{4E: 0=*£ 0) + £.0 
else 
m t = 1 B £ 
endlf 

do 45 m=S,fflt 
tEE( j , m)®t21 
t£=t 22 ( j , m ) *a 
x»rl/2. 0 
mu = 0 
rea 1 = 0 
r 1 m a G = C 

do 55 ri= 0 , ( nen- 1 ) 

t£x=aat on( {(r21/c.0)-x)/ ( r» decs ( t£ ) ) + dtan ( t£ ) ) 
call IntensityitEx ,mu, x,freal,fimag) 
real=real+freal 
rimag = rimag'+fimag 
X® xt r 1 
mu=r.u-^ 1 
E5 continue 

riC j .m) = (real ’*■»£■+ ri magi *•2) 
t£1 =t£1 +0 . E 
45 continue 

c Subroutine for the calculation of max. Value 



Tn=2 

riiiax«0 

£0 lf(rl(j,ni).gt.Mn«x)rin*x»ri(j,m) 

m'=in+ 1 

If (m . It . Bit ) goto eo 
write(21,»)' Rm* x . ■ ' , rm*x 

c NORMALISING , . . . 

»*£ 

do 65 k»e,iiit 

rl( j ,Bi)/rinax 

Bi = ir+ 1 


65 continue 

c 

print*. Tmex'K'^rBiex 

write(£l,11 )'rl=',rl, 'h*',h, 'rkh»' 

1 , rkh, ' n= ' , nen 

write(Sl,13){t££(jjffi),ri(J,iti),fi»£,*>t) 

67 continue 

stop 

90 endfile 2£ 

10 form«t(lh /I X , ' feed* ' , f 9 . 4, 3x , ' rpm« ' > fS . S, 3x , 'phll 
1 f 6 . £, 3x , 'phie » ' , f 6 . £ , 3x , ' inci dence* ' f 7 . £ ) 

11 forirat (£x,5(«4, f 1 0 .4,3x) ) 

13 foriTct (1h /, 6(£x ,f 6 . 1 ,£x , f 1 0 . 8) ) 

end 

c Subroutine for Intensity 

c . . . . 


subroutine intenslty(t£x,mu,x,fr**l,fiBiag5 
iirpiicit double precision (a-h,o-z) 
coniron tl.rkh^sk , ratio, rl1,rl£,rl,r£l, nen 

c Calculation of factor F 

c. F = Fc ( C 1 , 0? ) page ES eq.45 of the book 

tc>x=(tl:'x/3.1415S£5)*l80 0 

f=((l+ccos(tl+t£x))/((dcosCtl)+dcos(tEx))*dcos(tl))) 

c.. p = ): of the book , p nc 35 eq-13 

p=r at 3 c * I 0 £ i n ( t 1 ) -ds i n < t £x ) ) 

c. Vx = vt cf the bc>ok,p no 4 8 -eq.no. (4) 

vx='sk=!fd£in(tl )-dEin(t£x)) 

c xl*V 2 ti of the book,p no . 48 ; eq . no . 7 

x1=-rkh*(dcoE<t1 )+dcos(t£x)) 
phi=£ 0*3 1415925*p*f loat (mu) 

c phi = express: on p . no . 39,eq.(14)* e ( i ♦Ep*?! ♦mu ) . . . 

c 1 *vx + ( £ 0*x 1 /r 1 1 ) 
c£=vx-(£ 0*x1/rl£) 
phi 1=c1 *r 1 1/£ . 0 

phi£=(c 0-tx1*rl/rl£) + (cc'*rl1 ) + (c£*rl£/£.0) 

r1-(c 0 c ) 1 * os i n ( c 1 ♦r 1 1 /£ 0) 

rc - ( £ . O/cE ) >• ds i n ( c£*r 1 £/£ . 0 ) 

rx = r 1 *dco£ ( phi 1 ) + (r£*dcoE(phi£ ) ) 

ry=(r 1 “ds in (phi 1 ) ) + <r£*dEin(phi£) ) 

rtr.cQ = d£qrt (rx**£ + rv**£)/rl 

rpheEe=-datari(ry/rx ) 

tphaBe = rphaE.e+phi 

c.... fr=inten£ity product 

fr = riTeg*f/ float (nen) 

freal=frtdcoE(tphase) 

fiiriog=fr*dEin(tpha£e) 

ret ur n 

end 
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